Epitaxial growth of oxide films at lower temperatures is favored to obtain sharp interfaces and flat surfaces which are of advantage to construct high-quality electronic devices, and also is expected to result in novel development of unequilibrium structure and new electronic functionalization. Pulsed laser deposition (PLD) technique using laser ablation of a solid target is known to reduce the temperature drastically for epitaxial growth because of the highly energetic film precursors ablated from the target. In this article we briefly review the main achievements of our research group on room-temperature (RT, 20°C) synthesis of epitaxial oxide thin films by way of laser MBE process, i.e. PLD in ultrahigh vacuum. RT-epitaxial film growth by laser MBE and its electronic application were presented for some functional oxide thin films such as ZnO, Sn-doped In 2 O 3 (ITO), sapphire (¡-Al 2 O 3 ), (Li,Ni)O, or (Mg,Ni)O, and also magnetic functionalization via selective post-depositional reduction of complex oxide films was demonstrated.
Introduction
Heteroepitaxial growth of oxide thin films has been attracting much attention from the viewpoint of developing electronically active devices which utilizes the superior properties such as ferroelectricity, ferromagnetism, high-Tc superconductivity, 1) transparent conductivity, and so on. In order to open new oxide electronics, so far we have proposed an advanced ceramic epitaxy technology based on the atomic-scale substrate-surface engineering 2)4) as well as on the atomic layer control of films by laser MBE, i.e. pulsed laser deposition (PLD) in ultrahigh vacuum (UHV). 5),6) PLD process using laser ablation of a solid target is expected to reduce the temperature for epitaxial growth because the film precursors ablated from the target might impinge on the substrates with high kinetic energies. 7) Epitaxial growth of films at lower temperatures is favored to suppress island growth behavior and to obtain flat surfaces and sharp heterojunctions, which leads to high performance devices. Furthermore, the lower temperature material processing is expected to result in novel development of thermally unequilibrium phase and atomic structures as well as novel electronic functionalization. In the present article, we have briefly reviewed the room-temperature (RT) synthesis of epitaxial oxide thin films as one of the low-temperature processes. By applying the laser MBE technique, we have achieved RT-epitaxial film growth for some functional oxide thin films such as ZnO, Sn-doped In 2 O 3 (ITO), sapphire (¡-Al 2 O 3 ), (Li,Ni)O, or (Mg,Ni)O. RT-fabricated solar cell using RT-grown epitaxial oxide thin films on Si, and magnetic functionalization via selective post-depositional reduction of complex oxide films were also demonstrated as electronic applications of the present RT process.
Experimental procedure for room-temperature epitaxial growth of oxide thin films by laser MBE
Room-temperature synthesis of epitaxial oxide thin films was conducted by applying laser MBE process, in which PLD growth of thin films was examined at room temperature under the appropriate vacuum atmosphere. The laser MBE chamber is equipped with reflection high energy electron diffraction (RHEED) system and coaxial impact collision ion scattering spectroscopy (CAICISS) analyzer as shown in Fig. 1 . In situ RHEED monitoring gives us near-surface crystal growth in- formation of the film. CAICISS is useful for determination of composition and structure of topmost atomic layers of the growing film. In the laser MBE process, a pulsed KrF excimer laser beam (wavelength: 248 nm, pulse duration: 20 ns, frequency: 15 Hz and energy density: 13 J/cm 2 ) was impinged through a quartz window onto a target of single crystalline sapphire (¡-Al 2 O 3 ) or sintered ceramics such as NiO, ZnO, CeO 2 , 5 wt % Sn-doped In 2 O 3 (ITO), highly Li-doped NiO, or (Mg, Ni)O in the UHV chamber (base pressure of 5 © 10 ¹9 Torr). The distance between the substrate and the target was about 5 cm.
The highly energetic plume particles ablated from the target surface land at a supersonic speed (³10 4 m/s) onto the single crystal substrates of sapphire (¡-Al 2 O 3 ) wafers or Si(111) substrates. 8) All the substrates used in this work were not intentionally heated, being kept at room temperature of 20°C during the film growth. The crystal structure of the films was examined by in situ RHEED, ex situ X-ray diffraction (XRD) and highresolution transmission electron microscope (HRTEM), and the surface morphology of the films was observed by atomic force microscopy (AFM) in air.
3. Buffer layer-enhanced epitaxial growth at RT 3.1 Epitaxial ZnO thin film with NiO buffer ZnO with wurtzite-type structure is a promising material that possesses various applications such as transparent electrodes and ultraviolet emitting devices. 9) Most of epitaxial ZnO films have been prepared on the single crystalline substrates over 300°C. 10) 12) The decrease in lattice mismatching between the film and the substrate and/or increase in surface migration of precursors by inserting the buffer layer might enhance the low temperature epitaxial growth. Here we present the RT-epitaxial growth of ZnO thin films by applying the buffer layer-enhanced laser MBE process. 13) Previously we have found that epitaxial thin films of AlN with the same wurtzite-type structure as that of ZnO could be grown even at RT on the ultrasmooth sapphire substrates with epitaxial NiO buffer layers by laser MBE as proved in Fig. 2. 14) It was proved in the azimuthal -scan X-ray diffraction curves for (a) AlN {1010}, (b) NiO {111} and (c) sapphire {0112} peaks for the room-temperature grown [AlN(0001); 31 nm thick/NiO(111); 6 nm thick/sapphire (0001)] multilayer thin film as shown in Fig. 2 . So far, we had originally developed the ultrasmooth sapphire (0001) substrates with 0.2 nm-high straight atomic steps and atomically flat terraces (³100 nm in width) by annealing the commercial mirror-polished substrates at 1000°C for 3 h in air as shown in Fig. 3 .
15) Then, the buffer-enhanced epitaxial growth of ZnO film was examined using NiO buffer layer on the ultrasmooth sapphire (0001) 14) Further deposition of ZnO film (20 nm thick) was carried out on the NiO buffer layer (3 nm thick) at RT. From the viewpoint of crystal structure, it is of interest how the polarity of ZnO films changes depending on the growth temperature. The wurtzite-type crystals such as ZnO, AlN or GaN have the asymmetric stacking sequence of atomic layers along c-axis, that is, the crystal polarity of +c or ¹c along c-axis. The +c (0001) surface of wurtzite compounds AB (A = Zn, Al, Ga etc., B = O, N etc.) is terminated with A-atomic plane while the opposite side is terminated with B-plane. These two crystallographic planes are known to exhibit different physical and chemical properties.
16) The polarity of the deposited ZnO film was characterized by in situ CAICISS measuring the glancing angle dependence of Zn signal intensity using He + ion incident beam (2 keV). 17) Interestingly, the RT-grown epitaxial ZnO film obtained only for deposition with NiO buffer layer was found to possess +c polarity (Zn-plane termination), while ZnO films epitaxially grown on sapphire (0001) at high temperatures (³500°C) with and without NiO buffer layer had ¹c polarity (O-plane termination). 18) These results suggest the possible control of the growing polarity of ZnO films by changing growth temperatures.
Photoluminescence (PL) spectra were also measured at RT by exciting the films with light of 325 nm wavelength using a 100 mW He-Cd laser, as shown in Fig. 5 . In the spectrum, the strong peak appears at 382.5 nm, corresponding to the band-edge emission of the ZnO due to the free exciton. No visible emission derived from the structural defects was observed.
Epitaxial ITO thin films with CeO 2 buffer layer and RT-development of solar cell
Sn-doped In 2 O 3 (ITO) has been widely used as transparent electrodes for displays and solar cells due to its high electric conductivity (³10 ¹4 ³cm) and high transmittance (³90%) in the visible region. The epitaxial ITO films were obtained at relatively high temperatures over 400°C on the single-crystalline oxide substrates such as yttria-stabilized zirconia (YSZ) to get the highly electrically conductive ITO films. 19) On the other hand, heteroepitaxial growth of oxide thin films on silicon substrates has attracted much interest, since it has applicability to the silicon-on-insulator (SOI) structure and the buffer layers in oxide electronics. 20) CeO 2 is an ideal buffer layer for fabricating epitaxially grown functional oxides on silicon substrates because of its chemical stability and excellent lattice match with silicon (misfit factor: ³0.35%), as reported previously. 24) , 25) in which the relatively high energy conversion efficiencies (³10%) were attained. In these solar cells, the ITO films deposited on the SiO 2 layer were polycrystal. It is of interest from the viewpoints of crystal growth and solar cell application, to examine the possibility of room temperature epitaxy of ITO on CeO 2 /Si(111), although there is a relatively high lattice mismatch of ³6.5% between ITO and CeO 2 (a ITO = 1.01 nm, a CeO2 © 2 = 1.08 nm).
Figure 7(a) shows the XRD pattern of the ITO film (100 nm thick) deposited at RT on Si(111) substrate with an epitaxial CeO 2 ultrathin buffer layer (3 nm thick). From the XRD and RHEED patterns it was verified that (111)-oriented epitaxial growth of the ITO film was achieved at RT. On the other hand, in order to elucidate the influence of the CeO 2 ultrathin buffer layer, we conducted the growth of the ITO film on the H-terminated Si (111) substrate without a CeO 2 buffer layer under the same condition mentioned above. The resulting ITO film became polycrystalline. That is, the epitaxial CeO 2 buffer layer was found to be useful to promote the RT-epitaxial growth of the ITO films on the Si substrates. In order to fabricate the RT-grown MIS solar cell, metals (Au for p-Si, Al for n-Si) as back surface electrodes were deposited on The artificial sapphire of single crystalline ¡-Al 2 O 3 with corundum structure has attracted much attention not only as jewelry but also as representative insulating substrates for epitaxial growth of semiconductors such as blue-light emitting GaN 26), 27) on C-plane sapphire or Si on R-plane sapphire (SOS). 28) For fabrication of high-performance microelectronic devices, it is essential to etch or modify the substrate surfaces. Previously we reported that sapphire wafers thermally treated in air at high temperatures (about 1000 to 1500°C) reveal ultrasmooth surfaces with flat terraces and atomic steps, as shown in AFM surface image of 0.2 nm-stepped sapphire (0001) substrate of Fig. 3 . The ultrasmooth sapphire substrates with straight atomic steps were verified to be useful in the step-decoration epitaxy resulting in oxide nanowires 29) and diamond heteroepitaxy 4) and also suitable as the nanoscale sample stage in atomic force microscopy (AFM) observation. 30) Here we present a novel method for micropatterning of the sapphire substrate surface at RT which utilizes the selective homoepitaxial growth induced by the electron-beam irradiation during laser MBE film growth at RT.
31)
The sapphire substrates with three planes of (0001) (C-plane), (1012) (R-plane) and (1120) (A-plane) were annealed at high temperatures to have atomically smooth surfaces, as reported previously.
3) Film deposition was conducted on the sapphire substrate under oxygen atmospheres of 10 ¹6 Torr O 2 by laser MBE at RT. The electron irradiation during film deposition was performed at a glancing angle of about 3°by using a RHEED electron beam of about 150¯m in dia. with an acceleration voltage of 25 kV and a dose rate of about 5 mA/cm 2 on the substrate surface. In order to construct micropatterning on the sapphire substrate, the substrate surface coated with the aluminum oxide thin film grown at RT was etched with H 3 PO 4 aqueous solution of 40% concentration at RT. Fig. 9(b) was the same as that of the sapphire substrate. That is, the films grew homoepitaxially on sapphire (1012) substrates at RT only in the electron-irradiated region, while amorphous aluminum oxide films grew in the non-irradiated area. On the other hand, the electron beam-induced epitaxy could not be achieved at RT on the commercial mirror-polished sapphire (1012) substrates without atomic steps even under electron irradiation. This suggests that atomic steps (0.34 nm high for R-plane) enhance the low-temperature epitaxial nucleation and growth at the step edges. Furthermore, the selective epitaxial growth induced by electron irradiation was not observed at RT on the ultrasmooth sapphire substrates of (0001) (C-plane) and (1120) (A-plane) under the present irradiation conditions. The effect of electron irradiation on the RT epitaxial nucleation and growth is thought to be partly due to localized heating as well as decreasing of oxygen content in the growing film down to the same Al/O composition ratio as that of sapphire, which was partly proved from compositional analysis by electron energy loss spectroscopy (EELS). As-deposited film shown in Fig. 9 was then wet-etched with H 3 PO 4 aqueous solution (40% conc.) at RT in order to fabricate the microstructure on the sapphire substrate. The cross-sectional height profile of the sample after etching for about 100 min is shown in Fig. 10(a) . Formation of the microwall shown in Fig. 10(a) is thought to be caused by selective etching of the amorphous phase area which was not electron-irradiated. In addition, Fig. 10 (b) also shows the cross-sectional profile in the other microgroove, which was made through twice film depositions (different thick films of about 300 and 400 nm) using the mask followed by etching. These micropatterns on the sapphire substrates are expected to be applied to the fields of integrated chemical chips or biosensors as well as optoelectronic devices because of the chemical inertness and transparency of sapphire.
5. RT-synthesis of thermally unequilibrium rocksalt structure of 60 mol % Li-containing NiO epitaxial thin film
Low temperature processes such as RT film growth is expected to create novel materials that are different from a thermally equilibrium phase. Nickel oxide (NiO) has a rocksalt-type crystal structure and is known to be a typical p-type semiconductor oxide (e.g.: ³4.0 eV) in Ni 1¹¤ O. 32) Resistivity of NiO could be controlled by impurity doping to generate charge carriers. There have been some reports wherein Li-doped NiO was utilized as a p-type transparent conducting oxide, 33) which can be used in the transparent conductive film, such as UV detectors and solar cells, through the formation of a p-n junction with another n-type transparent semiconductor, such as ZnO.
34) (Li, Ni)O is a potential material for various applications, including highperformance thermoelectric devices 35) and gas sensors for hydrogen 36),37) and formaldehyde. 38) Furthermore, up to 50 mol % Li + -ion in a nickel oxide of LiNiO 2 with ¡-NaFeO 2 type crystal structure (hexagonal phase) is considered to be a possible cathode material for the future generations of Li-ion batteries. 39) Many studies have been conducted on the deposition of NiO epitaxial thin films with RT processess, 40) , 41) but there are few reports on the fabrication of NiO thin films containing large amount of Li + -ions (over 50 mol %) using an RT process, with regard to the crystalline and electrical characterization of these films. Here we demonstrate RT-synthesis of NiO epitaxial thin films with 60 mol % Li + -ion content using a laser MBE process at RT. 42 ) O 2 gas pressure during the deposition was kept at 1.0 © 10 ¹6 Torr. The composition of NiO thin films was confirmed using inductively coupled plasma atomic emission spectrometry (ICP-AES), which indicating that the composition (Li/Ni ratio) of the obtained film was very close to that of the target (60 mol % Li-containing NiO).
The RHEED pattern of NiO thin film (100 nm thick) containing 60 mol % Li [(Li 0.6 Ni 0.4 )O] grown on an ultrasmooth sapphire (0001) substrate at RT was found to be streaky and changed with rotation of the substrate, which proves the epitaxial growth of NiO thin film containing up to 60 mol % of Li during RT deposition. On the other hand, for the film deposited at 200°C, a ring RHEED pattern is observed, which indicates the generation of a polycrystalline film. Figure 11 (a) shows the ª2ª XRD pattern of the NiO thin film containing 60 mol % Li on an ultra-smooth sapphire (0001) substrate. The XRD pattern shows the cubic (Li, Ni)O(111) and (222) peaks, although the previous works reported the phase transformation from cubic to rhombohedral structure for the bulk NiO containing over 30 mol % Li. 43) As the (111) plane of the cubic Li-doped NiO has a threefold symmetry, the (Li, Ni)O film was deposited in the (111) orientation on a sapphire (0001) substrate. Figure 11(b) shows the azimuthal XRD '-scan result of (200) peak for the (Li 0.6 Ni 0.4 )O thin film. The peaks are observed at every 60°phi rotation, indicating that two domains of (Li 0.6 Li 0.4 )O on the sapphire (0001) substrate were grown with in-plane threefold symmetry. In addition, various contents of Li + -ions in NiO epitaxial thin films (less than 50 mol %) were also grown with a (111) orientation on a sapphire (0001) substrate at RT. Figure 12 shows the temperature dependence of resistivity for (Li 0.6 Ni 0.4 )O thin film on a sapphire (0001) substrate, and the resistivity is about 0.4 ³cm at RT. The resistivity decreases with an increase of temperature, indicating that this film exhibits semiconductor behavior. Additionally, the present film indicated p-type property. In addition, various contents of Li-doped NiO thin films (less than 50 mol %) also exhibited p-type semiconductor behavior.
42)

Fabrication of epitaxial Ni nanoparticlesembedded MgO by reduction of RT-grown epitaxial (Mg, Ni)O thin film
Recently, nanosized ferromagnetic metal particles embedded in an insulating oxide matrix have attracted attention because of their enhanced giant magnetoresistance, 44) giant extraordinary Hall effect, 45) magneto optical features, 46) quantum size effects, 47) and future magnetic applications such as next-generation ultrahigh-density magnetic recording media. 48), 49) To develop the high-performance magnetic devices, it is important to fabricate the magnetic particles along their easy axis of magnetization in an insulating matrix. Fabrication of metallic nanoparticles embedded in oxides with alternate deposition of oxide layers and metal elements 50)52) or implantation of metal ions into oxides have been reported. 53 ),54) However, there is no report on construction of ferromagnetic metal nanoparticles embedded epitaxially in the oxide matrix.
Previously, we fabricated the epitaxial Ni metal film via hydrogen-reduction annealing of the NiO thin film grown epitaxially at RT. Fig. 14(b) , XRD peaks from the Ni(111) and Ni(222) planes appeared after reduction annealing at 700°C. This indicates that a part of NiO in the (Mg 0.5 Ni 0.5 )O thin film was reduced to the (111)-oriented Ni metal. The average particle size of Ni crystallites was estimated to be ³18 nm using Scherrer's equation from the Ni(111) peak.
57) The angle of Ni(111) peak as shown in Fig. 14(b) was 44.55°, being close to the Ni(111) peak angle of 44.58°reported for the bulk Ni. 58) Thus, it is thought that the Ni particles precipitated after hydrogen reduction would contain little Mg element. As found in Figs. 14(a) and 14(b) , the XRD peaks of (Mg, Ni)O(111) and (Mg, Ni)O(222) planes were shifted to the higher angle after hydrogen annealing. This peak shift is considered to be caused by decreasing of Ni content in the (Mg 0.5 Ni 0.5 )O thin film as well as relaxation of lattice-strain or oxygen deficiency due to the reduction treatment at high temperature. On the other hand, there were not observed XRD peaks of Mg metal in Fig. 14(b) . It is suggested from the redox thermodynamics of MgO and NiO in an Ellingham diagram 59) that a part of MgO in the (Mg 0.5 Ni 0.5 )O thin film would not be reduced to Mg metal under the present reduction condition. Figure 14 (c) reveals the XRD '-scan result for the Ni [200] peak of the hydrogen-reduced thin film. A sixfold-symmetry as revealed in Fig. 14(c) indicates that the crystalline Ni(111) particles precipitated due to the reduction process had remained epitaxy in the film. It also reflects the two-domain structure of Ni nanoparticles derived from the two-domain growth of the epitaxial (Mg 0.5 Ni 0.5 )O(111) thin film on the sapphire (0001) substrate at RT. Figures 15(a) and 15(b) show (a) the crosssectional bright field image of TEM and (b) HRTEM image near the interface between the hydrogen-reduced epitaxial (Mg, Ni)O thin film and the substrate, respectively. The energy dispersive spectroscopic analysis proved that the dark areas in the cross sectional image of Fig. 15(a) were assigned to Ni metal. It is also seen in Fig. 15(a) that Ni nanoparticles are granular and uniformly dispersed in the (Mg, Ni)O matrix. These granular Ni nanoparticles have size ranging of 5 to 30 nm and an average size of about 20 nm, which is close to the grain size of 18 nm calculated using Scherrer's equation from the XRD peak as mentioned above. Moreover, Fig. 15(b) indicates no voids or cracks relating to desorption of oxygen atoms and/or H 2 O, O 2 gas during reduction of the (Mg 0.5 Ni 0.5 )O epitaxial thin film.
The magnetic property of the sample was measured at 5 K by a superconducting quantum interference device (SQUID). Figure 16 displays the MH hysteresis curve for the epitaxial Ni(111) nanoparticles-precipitated (Mg, Ni)O(111) epitaxial thin film measured in the direction parallel to <111>. Ferromagnetic property is observed for the reduced thin film and the value of coercivity is ³900 Oe. From the saturated magnetization of ³50 emu/cm 3 for the curve in Fig. 16 , the atomic ratio of the ferromagnetic Ni element in the total Ni nanoparticles of the reduced (Mg, Ni)O thin film was estimated to be about 40 atomic%.
Summary and outlook
The room-temperature synthesis of epitaxial oxide thin films has been achieved for ZnO, Sn-doped In 2 O 3 (ITO), sapphire (¡-Al 2 O 3 ), (Li, Ni)O, or (Mg, Ni)O by way of laser MBE process applying pulsed laser ablation of solid targets in ultrahigh vacuum as well as employing the originally developed techniques such as buffer-layer insertion, electron beam irradiation, or substrate surface engineering. Lower temperature growth of the epitaxial oxide thin films was proved to be favored for obtaining a sharp interface and a flat surface of the film, and also was demonstrated to result in novel development of thermally unequilibrium structure and new electronic functionalization. Magnetic functionalization via selective post-reduction of complex oxide films was also presented for fabrication of epitaxial Ni nanoparticlesembedded MgO by reduction of RT-grown epitaxial (Mg, Ni)O thin film. More studies are necessary to elucidate the atomic-scale mechanism of RT-epitaxy of oxide thin films, especially electron induced RT-epitaxial growth of sapphire thin films. The present room-temperature film process can be applied to the forthcoming hybrid devices combined with organic materials including polymer or biomaterials. The "wonder materials" for the sustainable and innovative energy system as well as for the future biomedical devices are expected to be discovered via "wonder-material processing" such as room-temperature synthesis based on the chemically smart element strategy.
